Arrays of Conformable Ultrasonic Lamb Wave Transducers for Structural Health Monitoring with Real-time Electronics  by Capineri, L. et al.
 Procedia Engineering  87 ( 2014 )  1266 – 1269 
1877-7058 © 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the scientific committee of Eurosensors 2014
doi: 10.1016/j.proeng.2014.11.416 
ScienceDirect
Available online at www.sciencedirect.com
EUROSENSORS 2014, the XXVIII edition of the conference series 
Arrays of conformable ultrasonic Lamb wave transducers for 
structural health monitoring with real-time electronics 
L. Capineria*, A. Bullettia, M. Calzolaia, P. Giannellia, D. Francesconib 
aDepartment of Information Engineering, University of Florence, Via S. Marta 3, 50139, Firenze, Italy 
bThales Alenia Space Italia S.p.A., Strada Antica di Collegno 253, 10146, Torino, Italy 
Abstract 
Many reusable components of aerospace structures are manufactured with composite materials, like carbon fiber overwrapped 
metal vessels (COPV). Ultrasonic Lamb waves are commonly used to monitor these components. Damage caused by impacts or 
due to the mechanical stress suffered by high pressure vessels required an innovative approach for structural health monitoring 
(SHM) using ultrasonic transducers. This work describes the design and development of a system that uses arrays of conformable 
piezoelectric interdigital transducers (IDTs) connected to a custom data acquisition system for real-time monitoring of a COPV. 
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the scientific committee of Eurosensors 2014. 
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1. Introduction 
Structural components developed and adopted in the aerospace industry are generally exposed to rough operating 
conditions and, at the same time, are expensive and difficult to service [1]. The adoption of in-situ health monitoring 
systems (HMS/SHM) has the potential of being a viable solution to manage the maintenance of such structures 
without encumbering their normal operation [2]. 
This paper describes a system that uses ultrasonic guided waves to monitor a space-grade propellant vessel made 
of composite material (i.e. carbon fiber wrapped over an extruded aluminum tank, or COPV). Arrays of 
piezopolymer (PVDF-TrFE) interdigital transducers [3]–[5] are bonded to the surface of the COPV to propagate and 
 
 
* Corresponding author. Tel.: +39-055-4796376 . 
E-mail address: lorenzo.capineri@unifi.it 
 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons. rg/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the scientific committee of Eurosensors 2014
1267 L. Capineri et al. /  Procedia Engineering  87 ( 2014 )  1266 – 1269 
receive Lamb waves inside the material. An external custom-built electronic system controls the transducers and 
detects the evolution of damages (cracks and delaminations) over the structure. 
The adoption of piezoelectric polymer film transducers springs from their conformability, elasticity, and wide 
operating temperature range, making them an optimal choice for the intended application [5]. 
The first part of this paper details the transducer technology, its performances and limitations. The second part 
expands the architecture of the electronic system developed for this application. The third part illustrates the results 
of structural investigation tests performed on a COPV using our system. 
2. Piezopolymer transducer technology 
The transducers developed as part of this work are based on a Pt/Au coated P(VDF-TrFE) copolymer film 
manufactured by Piézotech S.A.S.. The active material itself is 100μm thick, metalized on both sides with a 0.1μm 
gold layer. An interdigital pattern, visible in Figure 1b, is laser-etched on the individual elements and was designed 
to propagate Lamb waves over a frequency bandwidth compatible with the material [5]. 
Piezopolymer films can be easily adapted to non-planar surfaces and will keep working even under considerable 
strain [6], with the main disadvantages being their lower sensitivity and higher impedance when compared to 
ceramic transducers. 
Several bonding methods were investigated to achieve good energy transfer between the transducers and the 
structure, at the same time ensuring high joint reliability and avoiding invasive bonding procedures. Initial tests were 
performed with double-sided tape (Sicad EUROCEL 710TNT) that demonstrated good adhesion and transparency to 
ultrasound. The final bonding was performed using a space-grade epoxy paste adhesive (Henkel Hysol EA9394). 
 
Figure 1: a) Harnessed COPV. b) Epoxy-bonded IDT. 
Our experiments have shown that placing a rigid backing on top of the transducers (such as epoxy paste) will 
severely hinder their ultrasonic performances. On the other hand, a layer of adhesive tape has proven to be an 
acceptable solution to protect the exposed surface of the transducers. 
2.1. Transducer array interconnection 
Our monitoring system uses two linear arrays, each having 8 transducers, to investigate an area of 0.08m2 on the 
COPV surface. The transducers are interconnected using a strip of polyimide (flex circuit) secured to the surface of 
the structure, which routes all the signal lines to a single, 25-pin D-sub connector (see Figure 1a): this solution was 
adopted to minimize the presence of electrical harnesses on the structure under test. 
a) b) 
1268   L. Capineri et al. /  Procedia Engineering  87 ( 2014 )  1266 – 1269 
3. SHM system overview 
The SHM system is composed of an instrument and a host computer. The host computer runs a control software 
that operates the electronics and collects the results through a USB-UART bus bridge. The various components part 
of the instrument are listed below (see Figure 2): 
• 16 analog front-end cards, one per transducer, hosting the transmission and reception chain (pulser and 
amplifiers). A Backplane provides mixed-signal interconnection between said cards and the digital section of the 
system, and also generates all the required supply rails. 
• TI AFE5851 EVM, an integrated 12-bit, 16-channel VGA with 8 high-speed ADCs running at 20MSps. This 
device outputs the converted digital data on an 8-channel LVDS bus at 480Mbps per channel. 
• An FMC mezzanine adapter routes the LVDS bus between the AFE5851 EVM and the SP605. 
• Xilinx SP605 Spartan 6 dev kit. The FPGA takes care of storing and processing the data stream coming from the 
AFE5851, and handles serial communication with the host computer. 
 
Figure 2: Block scheme of the SHM system (left) and picture of the actual electronics (right). 
3.1. Transducer front-end electronics 
Each transducer is connected to a front-end daughter card that operates in half-duplex: a high-voltage H-bridge is 
used to transmit the pulses, while a multi-stage amplifier is used to receive the signals. 
The pulser can operate with drive levels up to 90V (the system includes an adjustable high-voltage power supply) 
and frequencies up to 5MHz. The amplifier has gain 1000 over a one-decade bandwidth, which was specifically 
tailored for this application (fc = 200kHz). A secondary low-gain, low-frequency amplifier was also included to 
detect mechanical vibrations in the audio range and may be used for impact detection. 
The cards also provide diagnostic capabilities to assess the functional status of the transducers. 
4. SHM procedure and testing 
When performing a structural health assessment, a single transducer is driven with a pulse train in order to 
propagate a guided mode inside the material, while the other transducers are used as receivers. The transmitted 
signal is generated digitally by the embedded controller and amplified by the H-bridge present on the front-end 
daughter cards. The received signal is amplified and routed to the ADC, where it is sampled and transferred back to 
the embedded controller. The embedded controller processes and stores the data inside its memory, waiting for the 
host computer to retrieve and analyze it. 
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The signal processing performed on the raw data allows the computation of a damage index (DI) value per unit 
surface of the structure under test, leading to a two-dimensional map of the potential defects. The algorithms 
involved in this process are described elsewhere [7]. 
4.1. Initial testing 
Our experimental campaign involved preliminary testing on a scale model of the COPV, which proved useful to 
evaluate different transducer positioning and bonding methods, and to develop reliable algorithms to process the 
data. This first phase was followed by the deployment of a complete HMS on the full-scale COPV. 
The complete system was used to investigate the propagation of Lamb waves at different frequencies (from 
180kHz to 240kHz), showing that the response of the material can change a great deal over the area under 
investigation, as shown in Figure 3. 
 
Figure 3: Direct path signals acquired on the COPV. Signals correspond to an antisymmetric A0 mode excited at 240 kHz. 
5. Conclusions 
This paper presented a new SHM system intended for aerospace composite structures and based on arrays of 
piezopolymer interdigital transducers. Guided Lamb waves are propagated over the structure to assess potential 
damage caused by stress or collision with other bodies. 
The sensing architecture achieves reduced area coverage on the structure thanks to a harnessing solution based on 
flex circuits. The transducers are capable of withstanding the harsh conditions typical of aerospace flight. 
A multichannel high-speed data acquisition and processing system was developed as part of this work, and 
represents a first step in the direction of distributed sensor networks for SHM applications. 
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